Background--Cardiomyocytes differentiated from human pluripotent stem cells can serve as an unexhausted source for a cellular cardiac disease model. Although small molecule-mediated cardiomyocyte differentiation methods have been established, the differentiation efficiency is relatively unsatisfactory in multiple lines due to line-to-line variation. Additionally, hurdles including linespecific low expression of endogenous growth factors and the high apoptotic tendency of human pluripotent stem cells also need to be overcome to establish robust and efficient cardiomyocyte differentiation.
C
ardiomyocytes derived from human pluripotent stem cells (hPSCs) have inestimable value for cell-based therapies, potential drug screening, and cardiac safety pharmacology testing. Over the past decade various cardiac differentiation protocols have been established based on embryonic body (EB) and monolayer methodology. 1 Monolayer-based cardiac differentiation, 2, 3 in which hPSCs are cultured to a high density, is believed to be more widely applicable in certain respects because it is easier to manipulate and produces a higher yield than does the EB system. Recently, Palecek's lab reported that sequential activation and suppression of canonical Wnt signaling by small-molecule inhibitors, including CHIR and IWP2/4, could produce about 85% (human embryonic stem cell [hESC] line H9) purity cardiomyocytes in the growth-factor-free monolayer culture. 4, 5 However, given the paucity of studies on the monolayer-based differentiation model, the detailed mechanisms presently remain largely unclear. Previous protocols are not readily transferrable across frequently used hESC lines such as H7. More importantly, the extant methods only focus on the regulatory effect of Wnt signaling. But, whether there is another factor that is essential for this procedure is undefined. The mammalian target of rapamycin (mTOR), a serinethreonine protein kinase that was originally identified as a highly specific target of rapamycin, is evolutionarily conserved from yeast to human. mTOR signaling is demonstrated to be the central regulator in a range of vital processes including protein synthesis, 6 autophagy, 7 cell growth, 8 metabolism, 9 and survival. During cardiogenesis in vivo and in vitro, mTOR is demonstrated to play indispensable roles in embryonic stem cell maintenance, 10 later stages of heart development, and adult heart homeostasis. 11 In studies using mouse models, homozygous mutants of mTOR were found to disrupt the proliferation of both inner cell mass and extraembryonic tissues, precipitating embryonic lethality at embryonic day 5.5 (E5.5). 12 In addition, cardiac-specific deletion of mTOR was reported to induce heart failure and massive cardiac dilation as well as to cause early neonatal death. 13 Similarly, knockout of mTOR in adult heart leads to a fatal dilated cardiomyopathy. 14 However, whether mTOR participates in an early stage of cardiogenesis when cell destiny transforms from embryonic stem cell to cardiac cell is still undetermined. Previous studies have revealed that hESCs are more sensitive to apoptosis as a result of DNA damage than are differentiated cells due to constitutively active Bax and high mitochondrial priming. 15, 16 Recently, Wang et al revealed that apoptosis is important for differentiation initiation through selectively removing stalled murine ESCs via Fas-activated mitochondrial apoptosis. 17 And 2 labs demonstrated that sublethal caspase activation promoted the proliferation and differentiation of cardiac progenitor cells in vivo and in vitro. 18, 19 However, a definite reason and effect of the apoptosis of hPSCs during monolayer-based differentiation, which is essential for hPSC culturing and differentiation, are completely unclear.
In this article we report that mTOR exerts multiple effects on hPSC toward cardiac differentiation. Specifically, gain-and loss-of-function assays show that inhibiting mTOR signaling is necessary for efficient cardiac induction in the initial stage. Moreover, our results elucidate the detailed mechanisms underlying hPSC apoptosis during the monolayer-based differentiation process and uncover an undefined link between apoptosis and efficient differentiation. In addition, we reveal the regulatory effects of mTOR on primary cardiogenesis-related signaling pathways, especially Wnt signaling synergies with CHIR. The functions of mTOR in leading hPSCs toward cardiac differentiation may shed light on a possible mechanism for cardiogenesis in vivo and provide some important theoretical advantages for designing and implementing scalable and cost-effective hPSC-derived cardiomyocyte production systems.
Methods hPSC Culture
Three hESC lines (H9-human cardiac troponin T-eGFP, H9, H7) were obtained from WiCell (Madison, WI) (H9-hTnnTZpGZ-D2, WA09, WA07). A human induced PSC (iPSC) line (hiPS-U-Q1) was established from human urine cells by a DOX-induced OKSM expression lentivirus system. 20 Human urine cells were obtained from the Department of Cardiology of Changhai Hospital. All human participants in the study had signed informed consent for the use of their urine samples. Isolation and use of human urine cells were approved by the Ethical Committee of Changhai Hospital. All hPSCs were cultured on CF1-MEF feeders in hESC medium: DMEM/F12 medium supplemented with 20% (vol/vol) KnockOut serum replacer, 10 ng/mL human bFGF, 1 mmol/L L-glutamine, 0.1 mmol/L NEAA (all from Invitrogen, Carlsbad, CA) and 0.1 mmol/L b-mercaptoethanol (Sigma-Aldrich, St. Louis, MO). For a monolayer-based culture, hPSCs were maintained on human qualified Matrigel (BD Biosciences, San Jose, CA) in mTeSR1 medium (STEMCELL Technologies, Vancouver, Canada).
Clinical Perspective
What Is New?
• The present study established a stable and efficient method for reliable cardiomyocyte differentiation and elucidated an undefined mechanism between human pluripotent stem cell apoptosis and efficient cardiac differentiation under the regulation of mTOR signaling pathway.
What Are the Clinical Implications?
• This work provided an optimized approach for conceiving and implementing scalable and cost-effective human pluripotent stem cell-derived cardiomyocyte production systems, which is promising for in vitro disease modeling, high-throughput drug screening, and prospective human cardiomyocyte-based myocardial repair.
Screening of Cardiac Differentiation-Promoting Small Molecules
Based on the monolayer cardiac differentiation protocol found by Murry's laboratory, first we used CHIR99021 (Selleck or STEMCELL Technologies) to substitute activin A, BMP4, and Wnt3a, then used XAV939 (Enzo, Farmingdale, NY) plus KY02111 (Tocris, Bristol, UK) to replace DKK1. Next, according to this modified method, we continued screening using cTnT-derived eGFP as a reporter:H9-cTnT-eGFP cells were cultured in 48-well plates, and small-molecule candidates were added during days À3 to 12, at concentrations that were referenced in previous studies; on day 15, the rough ratio of eGFP-positive cells was adjusted by observation. Small-molecule candidates included LiCl, HN 4 Cl, rapamycin, LY294002, Wortmannin, PD98059, PD0325901, SB431542, SB203580, SP600125, retinoic acid, Asiatic acid, Y27632, thiazovivin, z-VAD-FMK, VPA, TSA, VO-OHpic, SF1670, KU-55933, resveratrol, STR1720, CX-4945, ABT-737, nutlin-3, pifithrin-a, pifithrin-l, GSK1904529A, and FG-4592.
Human ESC Cardiac Differentiation via Monolayer Model
Human ESC cardiac differentiation was carried out in 24-well culture plates if there were no special circumstances. At day À5, 2.5910 4 /cm 2 singularized hPSCs were planted on Matrigel in 0.5 mL mTeSR1 for 2 days, followed by another 3 days in the presence of 12 lmol/L CHIR99021 plus 10 nmol/L rapamycin (gene operation). Next, the medium was changed to 0.5 mL RPMI/B27 minus insulin (Invitrogen, Carlsbad, CA) also supplemented with 12 lmol/L CHIR99021 plus 10 nmol/L rapamycin for 1 day, and then cells were treated with 10 lmol/L XAV939 plus 10 lmol/L KY02111 in 0.5 mL RPMI/B27 minus insulin for 4 days without medium replacement. Cells continued to be cultivated in RPMI/B27 minus insulin for 2 days, finally maintained in 1 mL RPMI/ B27 with insulin (Invitrogen) until applied in related experiments (changing medium every 3 days).
Human ESC Cardiac Differentiation via EB Model
Prior to formation of EBs, the hESCs were maintained on matrigel for at least 1 generation. To form EBs, hESC colonies were dissociated with dispase (1 mg/mL; Invitrogen) and gently scraped off from the wells. The cell clusters were pipetted to about 20 to 100 cells in size and then cultured in mTeSR1 with 10 lmol/L Y27632 (Selleck Chemicals, Houston, TX). At the second day, the medium was changed to StemPro-34 (Invitrogen) supplemented with 1 mmol/L ascorbic acid, 2 mmol/L L-glutamine, and transferrin (SigmaAldrich). Activin A, BMP4 (BD Biosciences), and bFGF were added on this day. After 3 days of culture, human-VEGF and XAV939 were added for another 4 days. Then the supplemental factors were changed to VEGF (Pepro Tech, Rocky Hill, NJ) and bFGF, and cells were harvested at the 15th or 30th day.
Quantitative Reverse Transcription Polymerase Chain Reaction
Total RNA was prepared with Trizol (Invitrogen) and treated with DNase (Qiagen, Hilden, Germany). RNA (0.5 lg) was reverse transcribed into cDNA via random primer with M-MLV reverse transcriptase (Promega, Madison, WI). Quantitative real-time polymerase chain reaction (PCR) was performed using SYBR Green (Toyobo, Osaka, Japan) on a Roche 480 Real-Time PCR System (Indianapolis, IN). The relative RNA abundance was calculated with 2 ÀDDCt means and normalized with respect to GAPDH expression level. The primer sets are listed in Table S1 .
Immunoblot Analysis
Cells with different small-molecular treatments were harvested at the indicated time points and lysed with Triton buffer (0.5% Triton X-100 and 20 mmol/L Hepes, pH 7.6)-containing cocktail. Proteins were separated by 10% or 15% (wt/vol) Tris glycine SDS-PAGE under denaturing conditions and transferred to a nitrocellulose membrane. After blocking with 5% (wt/vol) milk in Tris-buffered saline with 0.1% (vol/ vol) Tween 20, the samples were incubated with primary antibody overnight at 4°C. The second day, the samples were washed 3 times in Tris-buffered saline with Tween 20 for 5 minutes and then incubated with an anti-mouse/rabbit/ goat peroxidase-conjugated secondary antibody at room temperature for 1 hour, finally developed by SuperSignal chemiluminescence (Pierce [Dallas, TX] or Millipore [Billerica, MA]). Each assay was performed at least 3 times independently. Antibodies are listed in Table S2 .
Immunostaining
Cells were fixed with 4% (vol/vol) paraformaldehyde for 15 minutes and then permeated with 0.1% (vol/vol) Triton X-100 for 15 minutes at room temperature. The samples were blocked with a 5% solution of goat serum in PBS and incubated with primary antibody against cTnT (1:250), aactinin (1:250), and Brachyury (T) (1:250) overnight at 4°C. Next-day, samples were incubated with secondary fluorescelabeled anti-mouse/rabbit antibody (1:1000) for 1 hour at room temperature. Nuclei were stained with DAPI (1 lg/mL; Invitrogen) in PBS for 3 minutes. Images were captured under Olympus fluorescent microscopy. Antibodies are listed in Table S2 . Table S2 .
Flow Cytometry

RNAi
Human mTOR, TSC1/2, p53, and AMPK1a siRNA sequences were all previously [21] [22] [23] [24] [25] described (Table S1 ) and synthesized by GenePharma Inc (Shanghai, China). The oligos working concentration was 100 nmol/mL, and hESC transfection was exerted by oligofactamine (Invitrogen) 20 hours after hESCs plated as monolayer in 2.5910 4 /cm 2 .
Electron Microscopy
The induced-hPSC-derived cardiomyocytes were directly scraped off from the dish and then fixed with 2% glutaraldehyde overnight at 4°C. 26 These samples were postfixed with 0.25% osmium/0.25% K 4 Fe(CN) 6 , 1% tannic acid, followed with 50 mmol/L uranyl acetate. Then specimens were washed 3 times and dehydrated with a series of ethanol. Finally, the cell samples were embedded in araldite 502 resin (Polysciences Inc, Warrington, PA), and polymerization proceeded at 65°C for several days. The ultrathin sections (%60 nm) obtained by ultramicrotome (Leica EM UC7; Leica, Wetzlar, Germany)) were mounted in EM-grids, stained with lead citrate, and then observed by FEI Tecnai G2 Spirit TEM (FEI, Hillsboro, OR).
TOPflash Assay
Human iPSCs were cultured in RPMI/B27 differentiation culture, and HEK293 cells cultured in 10% FBS-DMEM medium (Gibco, Gaithersburg, MD). Cells were transfected with TOPflash plasmid (Addgene, Cambridge, MA) and renila plasmid as internal reference. After 24 hours, CHIR, CHIR plus rapamycin, rapamycin, and mouse Wnt3a (100 ng/mL) were added to the medium. After an additional 24 hours, the luciferase activities were measured by a laser-scanning Varioskan Flash (Thermo Fisher). 
Apoptosis Assay
Cell Cycle Analysis
Cells were incubated with certain small molecules for an indicated time, then harvested, and fixed with 70% ethanol at À20°C overnight. After a washing with PBS, the hESCs were stained with 0.5 mL of 50 lg/mL propidium iodide solution plus 20 U/mL RNase A for 30 minutes at room temperature. Data were collected by Caliber flow cytometer and analyzed with CellQuest Pro software (both from Beckton Dickinson).
BrdU Incorporation Assay for Cell Proliferation
The cells were labeled with 10 lmol/L BrdU for 1 hour and then dissociated by accutase. The hESCs were fixed with 1% paraformaldehyde and washed with PBS; then 1 mL denaturing solution (2 mol/L HCl) was added for 20 minutes. Cells were added with 1 mL wash buffer and then centrifuged for 5 minutes. The cells were resuspended with 0.1 mol/L sodium borate (pH 8.5) and centrifuged for 5 minutes. The hESCs were rinsed again with PBS containing 2% (wt/vol) BSA and 0.1% Triton X-100 and were then stained with anti-BrdU antibody for 1 hour at room temperature. After 1 such washing, the hESCs were labeled with the fluorescein isothiocyanate conjugated secondary antibody. Nuclei were stained with 10 lg/mL PI for 10 minutes. Data were collected on a Caliber flow cytometer and analyzed by FlowJo (Ashland, OR).
Glucose Measurement
For glucose measurement, the hESCs were cultured in 12-well plates with 1 mL of medium containing different inhibitors. At the indicated time points, the medium was collected and pelleted at 1000g for 5 minutes at 4°C. The supernatant was stored at À80°C until the test was performed. Glucose concentration within media was measured using a Glucose Assay Kit (Sigma-Aldrich, St. Louis, MO).
Oxygen Consumption Rate Measurement
O 2 consumption was measured using Seahorse XF24 extracellular Flux analyzer (Agilent, Santa Clara, CA) based on a method described by Zhang and colleagues. 27 Briefly, 5910 4 hESCs were seeded in each well of a XF24 cell culture plate. The second day, the cells were treated with respective inhibitors for 24 hours. One hour before the analysis, the culture medium was replaced by unbuffered DMEM, and plates were incubated at 37°C for 1 hour to stabilize the pH and temperature; then basal respiration was measured.
Statistical Analysis
Statistical analyses were performed as previously described. 28 Briefly, all quantitative data were first evaluated by the Shapiro-Wilk test to see whether they followed the normal distribution. 
Results
Rapamycin Potently Improves hPSC Cardiomyogenic Differentiation
We established a screening system using a genetically modified H9 cell line that expresses eGFP driven by human cTnT promoter toward cardiac differentiation in a modified monolayer-based cardiac differentiation protocol adopted from the work of Murry and colleagues. Driven by the extant findings indicating that Wnt signaling is essential to cardiomyogenesis, 29 we first found that addition of Wnt signaling activator CHIR99021 (12 lmol/L) in the first 4 days of culture (3 days in mTeSR1 and 1 day in RPMI B27 medium), and sequential addition of XAV939 (10 lmol/L) and KY02111 (10 lmol/L), 30 which are 2 Wnt signaling inhibitors, during the next 4 days without changing the medium to enrich the secretory cytokines, which are believed to be essential for cardiac lineage specification in this stage, could produce %10% spontaneously contracting cTnT-expressing cardiomyocytes without addition of any growth factors. This allowed us to screen a range of small molecules for their cardiomyogenic ability based on this method. Unexpectedly, we found that rapamycin, an mTOR signaling inhibitor, increased the purity of hESC-derived cardiomyocytes to more than 84% (Figure 1A) . Accordingly, treatment with rapamycin prominently enhanced the mRNA expression level of both cardiac-specific transcription factors and structural proteins, such as NKX2.5, GATA4, MEF2C, MESP1, ISL1, MHY6, cTnT, MLC2a, and MLC2v compared with that in the untreated group at day 5 and day 12, respectively ( Figure S1A and S1B). Temporal observations using the H9-cTnT-eGFP hESC line showed that GFP-expressing cells emerged on day 9, whereas day 12 marked the onset of strong, large-amplitude beating. In order to precisely identify the specific stage in which rapamycin exerted its function, rapamycin was added and withdrawn at the indicated time points. We found that administration of rapamycin in the initial stage of differentiation (days À3 to 1) was sufficient to increase the percentage of cTnT-positive cardiomyocytes up to 93.5AE2.1%. On the other hand, prolonged administration of rapamycin compromised the efficiency of cardiomyocyte induction and significantly reduced the actual yield of cardiac cells ( Figure 1B ).
However, addition of rapamycin during days 1 to 5 or days 5 to 9 resulted in very low cardiac induction and severe cell death. These results indicate that the effect (either positive or negative) of rapamycin on cardiac differentiation is stagespecific, further suggesting that the pro-cardiac differentiation function of rapamycin is mostly confined to the early stage when hESCs give rise to mesoderm cells, whereas it exhibits a negative effect in subsequent stages. Consistently, we found that the administration of rapamycin increased the mRNA expression level of Brachyury (T), a widely accepted marker of mesoderm, compared with only CHIR treatment, and this promoting effect of rapamycin can be blocked by 3BDO, a novel mTOR activator ( Figure S1C and S1D). Accordingly, flow cytometry analysis confirmed that, because of the administration of rapamycin, the Brachyury-positive cell percentage increased from 75% to over 95% at day 1 ( Figure 1C ). We then attempted to identify the optimal concentration of rapamycin treatment. The promoting function of rapamycin was significant and stable when its concentrations ranged from 5 to 100 nmol/L, and we chose 10 nmol/L as the working concentration for the following experiments (data not shown). and H7 and hiPSC line U-Q1 were induced into cardiomyocytes with or without rapamycin (n=6; **P<0.01). E, Schematic of protocol for small molecule-mediated cardiomyocyte differentiation from hPSC. F, Immunostaining of cTnT and a-actinin showed sarcomere organization. Scale bars, 10 lm. G, Gene expression analysis of rapamycin-induced cardiomyocytes. The expression levels of cardiac marker genes (a-Actinin, MYH6, cTnT, MLC2v, and MLC2a) and channel genes (HCN4, Nav1.5, KCNQ1, and Cav3.2) were nearly equal to those of EB-derived cardiomyocyte and adult heart tissue, which was considered to be 100% (n=5). H and I, The effect of rapamycin on EB-based cardiac differentiation. Rapamycin was added in the first stage (0 to 4 days) of EB differentiation, and cardiac differentiation efficiency was assessed at day 15. The percentage of beating EB (H) and the ratio of GFP-positive cardiomyocytes (I) were analyzed (n=5; **P<0.01). Scale bars, 500 lm. BF indicates bright field; CHIR, CHIR99021; DMSO, dimethyl sulfoxide; EB, embryoid body; eGFP, enhanced green fluorescent protein; hESC, human embryonic stem cell; KY, KY02111; Rapa, rapamycin; XAV, XAV939.
To evaluate the compatibility of rapamycin across different hPSC lines, we tested the effects of rapamycin within unmodified hESC lines H9, H7, and hiPSC line U-Q1 (derived from human urine cell). 31 In line with the high tendency toward monolayer-based differentiation of H7, flow cytometry analysis showed that %98.3AE0.76% of H7-derived cells and 93.3AE2.1% of H9 were positive for the cardiac marker cTnT, respectively. We also obtained more than 90.6AE3.6% cTnTpositive cardiac cells from the U-Q1 iPSC line, even though hiPSCs are considered much harder to induce than hESCs are ( Figure 1D ). The optimal induced conditions are illustrated in Figure 1E . (For convenience, the 4 days with rapamycin treatment were marked as days 1 to 4 in the following text and figures.) Treatment combining rapamycin with CHIR in the first 4 days, followed by XAV939 and KY02111 treatment for an additional 4 days without changing media, produced >90% cardiomyocytes that contract spontaneously as coordinated sheets (Videos S1 and S2) in multiple (≥6) independent experiments in 4 hPSC lines. By immunocytological staining of sarcomeric cTnT and a-actinin, cardiomyocytes derived from hPSCs were shown to possess normal cardiac sarcomere organization ( Figure 1F ). Electron microscopy also identified the classic cardiomyocyte structural elements, including myofibrils, Z bands, and intercalated disks, within rapamycin-induced hPSC cardiomyocytes ( Figure S1E ). Real-time PCR analysis of rapamycin-induced cardiomyocytes at day 30 showed that the expression levels of cardiac marker genes (cTnT, MYH6, and HCN4) and important ion channel genes (Nav1.5,Cav3.2, and KCNQ1) examined were similar to those of classic EB-based differentiation-derived cardiac cells and adult heart tissue ( Figure 1G ). After being cultured with 1 mmol/L lactate as the only carbon source for 7 days, the purity of hPSC-derived cardiac cells was found to increase to 99.9% ( Figure S1F ). 32 We posit that this effect has the potential to minimize the risk of tumorigenesis caused by stem cell contamination in ultimate applications aimed at cellbased therapies. On average, we obtained 24 cardiomyocytes from 1 original pluripotent cell. Therefore, we have designed and implemented an efficient and high-yield cardiac differentiation system without the need for additional growth factors.
To investigate whether rapamycin is a general cardiomyocyte differentiation-promoting agent, we applied rapamycin in classical EB-based differentiation in line with the approach published by Gordon Keller's lab. 33 Interestingly, administration of rapamycin in the early stage (days 0 to 4) increased frequency of beating EB from about 70% to %100% in H9-cTnT-eGFP cells, while cTnT-positive cardiomyocyte percentage enhanced from 30% to 60% compared with the solvent-exposed control (DMSO) group ( Figure 1H and 1I ). In addition, rapamycin in concentrations below 10 nmol/L had a positive influence on EB growth ( Figure S1G ). However, addition of CHIR at the same stage led to much larger-sized EBs with few cTnT-expressing cells (data not shown). Combined, these results indicate that rapamycin generally 
Cardiac Differentiation Induced by Rapamycin in hPSCs Is Dependent on mTOR Signaling
The high selectivity of rapamycin in targeting mTOR had been demonstrated in many extant studies, and our results indicate that mTOR activity was dramatically suppressed by rapamycin during 3 days of culturing in mTeSR1, revealed by the decrease of phosphorylation of ribosomal subunit S6 kinase 1 (S6K1) on threnine-389, a widely used marker for monitoring mTOR activity (Figure 2A ). Furthermore, H9-cTnT-eGFP hESCs were transfected with siRNA to knock down mTOR expression ( Figure 2B ). Similar to rapamycin treatment, reducing mTOR expression potently promoted the cardiomyocyte differentiation relative to the negative control. In addition, we used previously described siRNA to knock down TSC1 and TSC2, 2 important negative regulators of the TORC1 pathway, 23 resulting in much higher mTOR expression and S6K1 phosphorylation. The overactivated mTOR signaling led to much lower cTnT-positive cell generation ( Figure 2C ). In addition, in most cases, all the cells died after day 5. Taken together, these findings indicate that the efficiency of cardiac differentiation from hESC is inversely correlated with the mTOR activity. Because the dynamic change of mTOR expression during early cardiac development was unclear, we sought to examine the mTOR expression profile during in vitro differentiation. The dynamic fluctuation of mTOR activity in experiments treated with CHIR alone without rapamycin treatment was assessed by analyzing the phosphorylation of S6K1. The results showed that mTOR was persistently activated in the mTeSR1-cultured stage (days À3 to 0), while dramatically decreasing at the beginning of cardiac induction (days 0 to 3) in the monolayer differentiation model. Thereafter, its activity tended to be restored on the emergence of the cardiac progenitor cells (days 5 to 20) ( Figure 2D ). Finally, based on our observations, the mRNA levels of mTOR signaling-associated genes such as mTOR, p70S6K1, and 4E-BP1 had a similar expression trend and preceded the dynamic fluctuation of mTOR activity (without rapamycin treatment) ( Figure 2E ). Figure 2 . Suppression of mTOR is required for highly efficient cardiac differentiation. A, The activity of mTOR signaling is inhibited by rapamycin administration, shown by the phosphorylation of p-S6K1 (Thr389). B, The effects of mTOR knockdown and overactivation on cardiomyocyte differentiation. mTOR siRNA significantly decreases mTOR expression and activity. In contrast, TSC1 and TSC2 siRNA increase mTOR expression and activity. C, The percentage of cardiomyocytes following siRNA treatment, as measured by flow cytometry (n=4; **P<0.01). D and E, The dynamic fluctuation of mTOR activity in experiments without rapamycin treatment. mTOR activity was analyzed by Western blot; p70S6K1 (Thr389), S6K1, and b-actin were used as the loading control (D). The transcription levels of mTOR signal-associated genes including mTOR, 4E-BP1, and p70S6K1 as measured by quantitative real-time PCR (E). CHIR indicates CHIR99021; PCR, polymerase chain reaction; Rapa, rapamycin; si-NC, negative control siRNA.
Combined Treatment With Rapamycin and CHIR Antagonize the Apoptosis of hESCs in a HighDensity Monolayer Culture
Our results showed that rapamycin not only boosted the efficiency of cardiomyocyte differentiation but also increased the total number of cells at the end of differentiation. During the differentiation culture we noted an interesting phenomenon: the rapamycin-treated hPSCs were morphologically more compact and more resistant to digestion relative to those that had not been treated with rapamycin. We also observed fewer floating dead cells relative to the amount found in the group that had been treated with CHIR only. Interestingly, we found that rapamycin markedly increased the cell count during culturing in mTeSR1. The cell viability measured by Cell Counting Kit-8 (CCK8) yielded similar results ( Figure 3A and 3B) . However, if hESCs were seeded at a lower density (0.75910 4 /cm 2 ), rapamycin did not promote cell viability during the first 2 days. In contrast, on the third day, when cell density increased, the viability of the rapamycintreated group exceeded that of the CHIR-treated group ( Figure 3C ). In addition, the hESCs colony formation assay revealed that CHIR treatment promoted single-cell survival and the proliferation to colony compared with the DMSO (vehicle control) and that rapamycin was unable to promote this effect ( Figure S2A ). Taken together, these results reveal that the growth-promoting function of rapamycin arose only when hESCs were grown at high density. 4 /well) were plated in 24-well plates, cultured with indicated small molecules, and then collected and analyzed at designated time points. One-way ANOVA with Bonferroni post hoc test was used to calculate statistical significance between CHIR alone and CHIR plus rapamycin-treated cells at each time point (n=4; **P<0.01; NS means no significant difference). D and E, Cell cycle and BrdU incorporation analysis of hESCs with different treatments at day 2 (n=4). F through H, The cell death level was analyzed by a different method. Analyzing the cell death levels of hESCs with corresponding treatment by measuring the extent of PARP cleavage (F), intracellular caspase 3/7 activity (n=5) (G), and annexin V/PI staining (n=6) (H) (*P<0.05, **P<0.01). I, Annexin V/PI staining and Western blot analysis of cell death of hESCs with z-VAD addition (n=4; **P<0.01). J, Annexin V/PI staining analysis of the apoptotic level of hESCs with si-mTOR or siTSC1/2 treatment at day 3 (n=5; **P<0.01). CHIR indicates CHIR99021; DMSO, dimethyl sulfoxide; hESC, human embryonic stem cell; Rapa, rapamycin; si-NC, negative control siRNA; z-VAD, z-ValAla-Asp (OMe)-fluoromethylketone (z-VAD-FMK).
To elucidate how rapamycin increased the cell count, we examined the hESC proliferation and apoptotic levels resulting from different treatments. First, cell proliferation rate was analyzed by cell cycle analysis and BrdU staining at day 2, and there was no significant difference between the CHIR group and the CHIR-plus-rapamycin group ( Figure 3D and 3E) . This indicated that a low concentration (10 nmol/L) of rapamycin did not compromise the proliferation ability of hESCs. Next, we analyzed the extent of cell death induced by different treatments by assessing the cleavage of PARP and the activity of intracellular caspase 3/7. We found that these apoptotic indicators were significantly reduced by rapamycin ( Figure 3F and 3G). The annexin V/PI staining assay was subsequently employed to obtain a finer determination. At the end of day 3 the DMSO-treated group exhibited an average of 33.6% annexin V-positive cells, while CHIR reduced the number of dead cells to 22.1%. Moreover, addition of rapamycin further reduced the proportion of dead cells to 15.9% ( Figure 3H ). However, it is important to note that hESCs, unlike somatic cells, are more vulnerable to apoptosis following enzymatic dissociation, and the percentage of dissociation-caused apoptosis is typically about 10%. 34 Next, we added 50 lmol/L z-Val-Ala-Asp (OMe)-fluoromethylketone (z-VAD-FMK), a widely-applied pan caspase inhibitor, to the cell culture, which resulted in no floating cells after 24 hours. Moreover, annexin V/PI staining indicated that more than 90% cells were both annexin V-and PInegative ( Figure 3I ). We speculated that the remaining cell death events were caused by accutase dissociation and other modes of operation damage. However, if the z-VAD-FMK treatment lasted for 4 days, all hESCs died when the medium was changed to RPMI/B27, which suggested that an alternative death pathway was activated when apoptosis pathway was blocked. More importantly, we found that elevating mTOR activity by TSC1/2 RNAi obviously aggravated the apoptotic levels of hESC on day 3 ( Figure 3J ), and similar results were obtained by TSC1/2 RNAi on day 4 ( Figure S2B ). We also found that the addition of rapamycin effectively hindered the cell death (<40%) during the initial stage of differentiation on day 4 ( Figure S2C ). However, we posited that the more pronounced cell death noted in this initial differentiation stage resulted from not only the fundamental change in the culture conditions but also greater sensitivity of hESCs to enzymatic dissociation at this stage. Given the complexity of mechanisms leading to cell death following the change to RPMI/B27 medium, here we focus on the cell death that took place in mTeSR1 culture. In sum, rather than suppressing the expansion of hESCs, mTOR inhibition protected hESCs from apoptosis in the high-density monolayer culture model. The Apoptosis of hESCs Is p53 Dependent and Can Be Attributed to the Glucose Stress During High-Density Growth
To identify the cause of apoptosis, we tested the expression of main factors involved in the apoptosis of hESC. First, we found that the cleavage of caspase 8 was not significantly different between groups with and without rapamycin treatment on day 3 ( Figure 4A ), suggesting that the apoptosis was not triggered by extracellular apoptosisinducing ligands. In contrast, we found that p53 progressively increased during DMSO and CHIR treatment; however, these changes were mitigated by rapamycin ( Figure 4B ). In addition, the phosphorylated p53 (Ser15) was predominantly accumulated in nucleus, and rapamycin prevented this accumulation ( Figure 4C ). The phosphorylation of p53 on Ser15 was demonstrated to prevent p53 negative regulator MDM2 binding and to result in the accumulation and increased transcriptional activation ability of p53. 35 These results indicated that aforementioned apoptotic response was induced by a p53-dependent endogenous apoptosis pathway. Furthermore, real-time analysis showed that p53 proapoptotic downstream genes (especially P21) exhibited consistent change patterns on day 2 ( Figure 4D ). It was noteworthy that the mRNA levels of p53 in the group treated with CHIR only and in that treated with CHIR accompanied by rapamycin were similar, which suggested that rapamycin regulated p53 at the protein level. Next, we used siRNA to knock down p53 protein expression in hESCs. We found that p53-RNAi hESCs were more resistant to apoptosis compared with the negative control cells ( Figure 4E ), which demonstrated that the apoptosis of hESCs was mainly mediated by p53 accumulation. More interestingly, p53 knockdown prominently increased the efficiency of cardiac differentiation from 10% to nearly 50% ( Figure 4F ), which mimics the effect of rapamycin. In sum, these results established a causal link between apoptosis and highly efficient cardiac differentiation. It is necessary to ascertain which circumstance or molecular pathway is the major trigger of the hESCs apoptosis discussed above. Because the hESCs were in a long-duration and high-density culture, nutrients such as glucose and amino acids would be expected to be rapidly consumed due to the significant number of cells and high rate of proliferation. To assess the validity of this premise, we measured the extracellular glucose levels. Glucose concentration declined from the initial 15 to 0.2 mmol/L after 24 hours of culture with the monolayer of cells completely confluent ( Figure 4G ). Next, we added 1 mmol/L 2-deoxy-D-glucose (2-DG), an inhibitor of glycolysis, into the culture medium to mimic the conditions of glucose deprivation. As expected, 2-DG treatment enhanced the cleavage of PARP, whereas rapamycin evidently eliminated it ( Figure 4H ). Likewise, a decrease in intracellular energy level was also reflected by the enhancement of the phosphorylation of AMP-dependent kinase (AMPK), an essential sensor for energy limitation, whose activation preceded the accumulation of p53 ( Figure 4I ). In addition, mTOR remained activated in the CHIR-treated group, which may be attributed to the obstruction of the critical function of GSK-3b on TSC1/2 phosphorylation. 36 These findings are consistent with those yielded by a previous research, in which the authors reported that glucose deprivation was able to stimulate p53 accumulation and led to apoptosis in TSC2 knockout fibroblast cells through activated AMPK and mTOR signals and rapamycin blocked the mTORdependent p53 translation. 37 This was a special case in which rapamycin induced growth rest or apoptosis of cells in common situations. In this scenario, we hypothesized that glucose stress induced p53 accumulation, which, in cooperation with unsuppressed mTOR activity, triggered the hESCs apoptosis. To test this hypothesis, we knocked down AMPK by siRNA and found the p53 accumulation significantly reduced ( Figure 4J ). Finally, we added 5 mmol/L of glucose into the culture medium twice, at the 6-and 12-hour time points, respectively. Subsequent cleavage of PARP and annexin V/PI staining analysis revealed that the extent of cell apoptosis was partially decreased ( Figure 4K ). Taken together, these results demonstrate that the shortage of glucose supply was sufficient to trigger p53-dependent apoptosis in rapidly growing hESCs. We speculated that this shortage of nutrients in limited culture medium can be remedied by an expanded culture system, which would attenuate the apoptosis tendency of hESCs. In order to ascertain whether the fluctuations in the culture conditions are the only reason for hESCs apoptosis in a monolayer-based culture, we increased the culture medium volume from 0.5 to 1 mL for each well of a 24-well plate to reduce the extracellular stress. We found that increasing medium volume obviously decreased the apoptotic level, indicating that the energy stress and medium change were the main causes of hESCs cell death. However, we also noted that, in this enlarged culture system, the addition of rapamycin could further prevent cell apoptosis ( Figure 4L ). These observations indicate that there is another way in which rapamycin could work to reduce hESC apoptosis. Because mTOR is the most important regulator of autophagy, we also attempted to establish whether autophagy participated in the antiapoptosis or prodifferentiation functions of rapamycin. In simple terms, autophagy can be understood as a double-edged sword in cell death. In cell starvation conditions, autophagy is considered to function as a prosurvival mechanism exhibited via a catabolic process that replenishes nutrients for fueling the bioenergetic machinery. In other contexts, excess autophagy can lead to DOI: 10.1161/JAHA.116.005295
Journal of the American Heart Association autophagic cell death (Type II cell death) by degrading essential components of cells. First, we examined the level of autophagy among different small molecular-treated groups with or without bafilomycin A1, used here because it disturbs fusion between autophagosomes and lysosomes. The inclusion of bafilomycin A1 revealed that the apparent decrease in LC3-II in the rapamycin-treated group was attributed to the lysosomal degradation, which demonstrated that rapamycin promoted autophagic flux in this case ( Figure 4M and 4N) . Next, we mitigated the autophagy by ATG7 and Beclin1 RNAi, 2 essential autophagy effectors, in the presence of Figure 4 . Rapamycin protects the hESCs from environmental stress-induced apoptosis by reducing p53 accumulation, which is essential for high-efficient differentiation. A, Western blot analysis of caspase8 and p53 in hESCs between groups with or without rapamycin treatment on day 3; DMSO-treated cells were used as control. B, Western blots of p53 in cells cultivated in medium with CHIR or CHIR plus rapamycin; DMSO-treated cells at different time points were used as control. C, Western blot analysis of the distribution of the phosphorylated p53 (Ser15) in cytoplasm and nucleus. D, P53 and its downstream targets (P21, BAX, BIM, and PUMA) expression on day 3 were evaluated by quantitative real-time PCR (n=5; **P<0.01). E, Knockdown of p53 expression reduced the apoptosis of hESCs on the third and fourth days. The graph on the top right corner shows the effect of p53 siRNA on the expression level of p53 protein (n=5; **P<0.01, *P<0.05). F, Flow cytometry analysis of cTnT-positive cell percentage in H9-cTnT-GFP cells with p53 RNAi and negative control RNAi cells (n=5; **P<0.01). G, The change of medium glucose concentration after 24 hours of culture with CHIR addition (n=6; Mann-Whitney U test). H, Western blot analysis of cell apoptosis indicated by cleavage of PARP, in groups treated with or without glucose analogue 2DG (2-deoxy-D-glucose), which blocks glycolysis and mimics glucose stress. I, Western blot analysis of the level of p-AMPK (Thr172), p-S6K1 (Thr389), and p53 in hESCs cultured with CHIR at indicated time point. J, Knockdown of AMPK by siRNA reduced the accumulation of p53. K, Glucose rescue assay. Supplying the cells with additional 5 mmol/L glucose twice reduced the level of apoptosis revealed by PARP cleavage and annexinV/PI staining (n=6; **P<0.01). L, Analyzing the effect of enlarging culture system, which could reduce environmental stresses on hESC apoptosis. The medium volume was enlarged from 0.5 to 1 mL (n=4; **P<0.01; NS means no significant difference). M and N, Western blot analysis of autophagy level in hESCs with or without rapamycin treatment. LC3II/LC3I expression levels were measured in first 3 days (M), and their accumulation levels were analyzed when hESCs were simultaneously treated with bafilomycin A1 for 6 hours (N). O, Apoptotic levels of hESCs with ATG7 and Beclin1 RNAI, which compare to negative control RNAi in the presence of z-VAD-FMK on day 4 (n=5; **P<0.01). P, Knockdown of autophagy essential gene Beclin1 enhanced the efficiency of cardiac differentiation (n=3; Kruskal-Wallis test followed by Dunn post hoc comparison). BFMA1 indicates bafilomycin A1; CHIR, CHIR99021; Cyt, cytoplasm; DMSO, dimethyl sulfoxide; hESC, human embryonic stem cell; Nuc, nucleus; PCR, polymerase chain reaction; Rapa, rapamycin; si-NC, negative control siRNA; z-VAD, z-Val-Ala-Asp (OMe)-fluoromethylketone (z-VAD-FMK).
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Journal of the American Heart Association rapamycin. First, we found that ATG7 or Beclin1 knockdown slightly reduced the cleavage of PARP on day 2 (data not shown). In particular, we observed that on day 4 the extent of cell death was significantly decreased by ATG7 accompanied by Beclin1 knockdown in the presence of z-VAD ( Figure 4O ). More importantly, we found that blocking autophagy by Beclin1 RNAi enhanced the efficiency of cardiac differentiation (to 96.2%) within H9-cTnT-eGFP cells more than in control groups, which have an efficiency of 88.2% ( Figure 4P ). Taken together, these results indicate that the increase in autophagy induced by rapamycin has already exceeded the bearing capability of hESCs, which introduced the risk of cell death. This result is reminiscent of the previous conclusion that autophagy-deficient mice exhibit normal cardiac development.
The Intracellular Reactive Oxygen Species Generation Regulated by mTOR Also Contributes to the hESC Apoptosis
Because it is recognized that DNA damage also stimulates the accumulation of p53, we analyzed the markers of DNA damage, including ATM-CHK2, ATR-CHK1, and H2A.X. 38 We found that ATM-CHK2 pathway was activated during cell culture, whereas ATR-CHK1 activity was underdetected ( Figure 5A ). We also noted that the phosphorylation of ATM and CHK2 was reduced by rapamycin treatment, indicating that rapamycin reduced DNA damage ( Figure 5B) . Moreover, the level of histone H2A.X phosphorylation, another marker of DNA damage, was also reduced by rapamycin treatment in a dose-dependent manner ( Figure 5C ). ATM kinase is sensed with DNA double-strand breaks, which arise from various sources such as replication stress, ion radiation, reactive oxygen species (ROS), and others. In several extant studies, hESCs were found to be sensitive to ROS, as they were unable to grow normally without antioxidant ascorbic acid (vitamin C) or 2-mecaptoethanol (2-ME). Although basic ROS activity is considered to contribute to hESC differentiation, it will induce caspase-dependent apoptosis once the oxidative stress exceeds a certain threshold. In our work, we detected the intracellular ROS generation by 2ʹ,7ʹ-dichlorodihydrofluorescein diacetate staining during hESCs' monolayer-based culture. Interestingly, we found that, in the CHIR-treated group, the intracellular ROS activity dramatically increased (by at least 2-fold) after 16-hour culture, after which it decreased slightly ( Figure 5D ). However, rapamycin significantly reduced the intracellular ROS level to less than half of that noted in the CHIR-treated group ( Figure 5E ). The dissipation of mitochondrial electrochemical potential gradient (DΨ) is known as an , and intracellular ROS activity was compared between groups treated with CHIR and CHIR plus rapamycin; DMSO was used as control treatment (n=6; **P<0.01) (E). F, Mitochondrial electrochemical potential gradients (DΨ) of hESC were measured by JC-1 assay within first 3 days. The ratio of green to red fluorescence depends on the mitochondrial membrane potential: green fluorescence indicates low potential, whereas red fluorescence indicates high potential (n=4; *P<0.05, **P<0.01). G and H, Analyzing the effects of p53 and AMPK knockdown on ROS production and mitochondrial electrochemical potential gradients (DΨ). The p53 and AMPK protein expression were knocked down by siRNA. Then intracellular ROS activity and DΨ were measured after 48 hours in culture with CHIR treatment (n=5). I, Testing the antiapoptosis effect of antioxidant agents (NAC 1 mmol/L and vitamin C 200 lg/mL) in high-density monolayer growth. The statistical significance of comparisons between testing groups and the CHIR-alone control group are shown (n=4; **P<0.01). J through N, Rapamycin decrease the oxygen consumption (n=5; *P<0.05) (J), mitochondrial DNA copy number (n=6; **P<0.01) (K), mitochondrial specific protein VDAC (L), cytochrome c expression (M), and the release of cytochrome c from mitochondria into cytosol on day 3 (N). O, Quantitative real-time PCR analysis of intracellular antioxidant gene expression (n=5). P, Rapamycin affects p53 stability and translation. p53 expression was assessed in a condition in which protein synthesis was blocked by cycloheximide (100 ng/mL) and protein degradation was blocked by MG132 (proteasome inhibitor, 2 lmol/L) and present of antioxidant vitamin C (200 lg/mL). CHIR indicates CHIR99021; Ctr, control; Cyc, cycloheximide; DMSO, dimethyl sulfoxide; hESC, human embryonic stem cell; NAC, N-acetyl-L-cysteine; PCR, polymerase chain reaction; Rapa, rapamycin; ROS, reactive oxygen species; si-NC, negative control siRNA.
effectively alleviated this adverse tendency ( Figure 5F ). Although the change of ROS and mitochondrial potential emerged at a much earlier stage, before serious apoptosis had occurred, to further confirm that these were the original reasons behind these phenomena rather than byproducts, we examined ROS production and mitochondrial potential after treating the hESCs with p53 and AMPK siRNA. We found that neither blocking the p53 accumulation nor reducing the AMPK activity could reduce the ROS generation or the dissipation of mitochondrial potential ( Figure 5G and 5H) . Interestingly, we also found that additional glucose or increasing medium volume could stimulate the ROS activity (data not shown). Finally, we found that application of antioxidant ascorbic acid but not N-acetyl-L-cysteine (NAC) mitigated the oxidantinduced apoptosis ( Figure 5I ). NAC was reported to have a protective effect against apoptosis. We speculated that the controversial effect of NAC on apoptosis may be due to the pH pressure caused by the high-concentration solution of NAC (1 mmol/L), which is acidic, because we have found that, apart from nutrient starvation, the pH of the medium also deteriorated during culture, and hESCs underwent apoptosis in relatively low-pH conditions (data not shown). The great pressure caused by NAC was far beyond the bearing capacity of hESCs in this weak status to overcome and survive. Collectively, these results suggest that, in addition to extracellular stress, intracellular ROS activity and mitochondrial state are also involved in hESC apoptosis in monolayer culture. Because the escape of electrons from the aerobic respiratory electron transport chain is 1 of the most critical mechanisms of ROS generation in healthy cells, 39 the possibility that rapamycin could influence oxidative function or quantity of mitochondrial in cells was investigated in our system. We discovered that the cell oxygen consumption was decreased by rapamycin after 24-hour culture ( Figure 5J ). We further noted that mitochondrial DNA content and protein levels of mitochondrial special genes, such as VDAC1 and cytochrome c, were eliminated after rapamycin treatment ( Figure 5K through 5M) . Specifically, rapamycin treatment decreased the release of cytochrome c from mitochondria into cytosol, which is an acknowledged assay to assess apoptosis ( Figure 5N ). In addition, we found that rapamycin treatment had no significant effect on the expression of intracellular antioxidant genes, including SOD1, GPX1, CAT, and HMOX1 ( Figure 5O ). 40 These results indicate that treating hESCs with rapamycin decreased the mitochondrial content and its oxidative function and consequently reduced intracellular ROS generation, which could induce DNA damage and apoptosis. Next, we explored the mechanisms through which rapamycin disturbed p53 accumulation. Because rapamycin was previously found capable of reducing p53 accumulation by blocking its translation, 37 cycloheximide was applied to Journal of the American Heart Association block the translation in hESC. We found that cycloheximide markedly reduced the difference in p53 accumulation that resulted from treatment with and without rapamycin. On the other hand, when MG132 was used to block the protein degradation, which eliminated the ROS-induced resistance to degradation, the difference in p53 accumulation narrowed further. Finally, we found that, by adding 200 lg/mL vitamin C together with cycloheximide into the CHIR group, p53 accumulation was completely eliminated ( Figure 5P ). These results suggest that the influence of rapamycin on p53 accumulation is based on both translation and degradation pathways. Conclusively, the antiapoptotic properties of rapamycin stem from its 2 coordinated effects on multiple extracellular stress-induced p53 accumulation and intracellular ROS generation.
Rapamycin Promotes Multiple Signaling Pathways Essential for Mesoderm Induction
We have proved that rapamycin can significantly promote mesoderm differentiation, as shown by a common feature of mesoderm, Brachyury (T). Specifically, we found that the level of Brachyury expression was upregulated by additional rapamycin treatment compared with the CHIR treatment not only in the mTeSR1 medium but also in the RPMI B27 medium ( Figure 6A ). On the other hand, the difference in the effects of treatments with or without rapamycin on the mRNA expression of hESC self-renewal core factors, including OCT4, NANOG, KLF4, and SOX2, was not statistically significant ( Figure 6B ). Collectively, these results confirmed the ability of rapamycin to promote mesoderm commitment from hPSC. To further analyze the mechanism by which rapamycin promoted mesoderm derivation and eventually accelerated the cardiac differentiation efficiency, we checked the mesoderm-associated signaling pathways. It is widely accepted that mesoderm formation is a collaborative process induced by Wnt, TGF-b, FGF, and AKT signaling. Extant results have shown that Brachyury is one of the most important downstream factors of Wnt and TGF-b signaling pathways during cardiac genesis and differentiation in vivo and in vitro. Thus, we postulated that the Wnt or TGF-b signaling cascade may be implicated in the prodifferentiation function of rapamycin. We detected multiple mesoderm commitment-associated genes via quantitative real time PCR test and found that BMP4, NODAL, and WNT3 were all upregulated by 4 days of treatment with rapamycin, and this effect is dose dependent (Figure 6C and 6D) . Particularly, we found that the endogenous BMP4 expression was not sensitive to CHIR or rapamycin treatment in the first 3 days. In contrast, the endogenous NODAL expression was upregulated sharply at day 3 by rapamycin. Although the upregulated level of NODAL is much higher than that of WNT3, unlike the persistent promoting effect of rapamycin on WNT3 expression, after the medium changed to RPMI B27 in the first day of differentiation, the level of NODAL went down similar to the control group. Because Murry's group have shown that the endogenous Wnt level is essential for the difference among different hESC lines toward cardiomyocyte differentiation, we take special notice of Wnt signaling. To further confirm the regulatory function of rapamycin on the Wnt signaling pathway, we detected the influence of rapamycin treatment on its downstream process. We found that rapamycin increased the protein expression of b-catenin, a key mediator of Wnt signaling, on the basis of CHIR induction ( Figure 6E ). In addition, rapamycin further stimulated the translocation of b-catenin into the nucleus after a relatively short treatment (12 hours), implying that rapamycin has a direct effect on Wnt signaling transduction ( Figure 6F ). Finally, to obtain a more precise measurement of the effect of rapamycin on the Wnt signaling pathway, the TOPflash assay, a generally accepted reporter system used for canonical Wnt signaling activities measurement, was employed using U-Q1-hiPSCs and HEK293 cells. As expected, addition of 10 nmol/ L rapamycin further elevated the luciferase activity to about 1.6-fold higher levels compared with those noted in the CHIR group ( Figure 6G ). Taken together, these results substantiate the assertion that rapamycin is an activator of Wnt signaling in both hPSCs and differentiated cells. CHIR is the most effective Wnt signaling activator presently known, and the directed regulation of mTOR on Wnt signaling is unclear. So our finding that rapamycin further stimulates Wnt signaling when CHIR concentration is already high (12 lmol/L) is not only useful for practically inducing Wnt signaling but also indicates that the regulatory modes of rapamycin and CHIR on Wnt signaling are independent.
To determine whether TGF-b signaling pathway was required in the monolayer-based differentiation performed in this work, we quantified cardiomyocytes derived from H9-cTnT-GFP cells when NODAL or BMP4 signaling antagonists were added at day 4 for 24 hours. Both SB431542 and Noggin completely eliminated cardiomyocyte specification at concentrations of 2 lmol/L and 100 ng/mL, respectively (data not shown). Moreover, addition of activin A or BMP4, together with CHIR, was able to further increase Brachyury transcription in both mTeSR1 and RPMI/B27 culture conditions ( Figure S3A ). These results revealed that the activation of the TGF-b superfamily was a prerequisite for cardiac differentiation, although the exogenous activin A and BMP4 were not required. Next, we examined endogenous mRNA expression of NODAL, activin A (INHB1), BMP2, BMP4, and BMP7 after 3 days of CHIR treatment with or without rapamycin ( Figure S3B ). The transcription of NODAL and BMP4 but not activin A (INHB1) immediately increased following the CHIR treatment, whereas the increase of BMP4 was milder than that noted in NODAL. Importantly, DOI: 10.1161/JAHA.116.005295
Journal of the American Heart Association Figure 6 . Rapamycin promotes multiple signaling pathways essential for mesoderm induction. A, The transcriptional level of Brachyury with or without rapamycin treatment in mTeSR1 (D3) and RPMI B27 (D4) medium (n=5; **P<0.01). B, The transcriptional level of hESC self-renewal core factors, including OCT4, NANOG, KLF4, and SOX2 with or without rapamycin treatment (n=5; NS means no significant difference). C, Daily transcriptional levels of endogenous growth factors including BMP4, NODAL, and WNT3 in H9 hESCs induced by CHIR with or without rapamycin (10 nmol/L). Treated cells were collected and analyzed at indicated time points, and 1-way ANOVA followed by post hoc Bonferroni test was used to calculate significant difference between groups at each time point (n=4; *P<0.05, **P<0.01). D, Quantitative real-time PCR analysis of WNT3, NODAL, and BMP4 expression with different concentrations of rapamycin at day 3 (n=5). E, The expression of b-catenin with or without rapamycin treatment. F, Nucleocytoplasmic separation experiment showed the distribution of b-catenin, which reflects the activity of Wnt signaling. G, Topflash reporter assay performed using hiPS-U-Q1 and HEK293T cells. The effect of CHIR, rapamycin, or DMSO was examined, and Wnt3a (100 ng/mL) was added as a positive control (n=5; *P<0.05, **P<0.01). H, Expression of phosphorylation of SMAD2 (Ser467), SMAD1/5 (Ser463/465), and total SMAD2 and SMAD1/5 were analyzed via Western blots in H9 cells treated with 12 lmol/L CHIR or CHIR plus 10 nmol/L rapamycin for 6 hours. I, The activity of PI3K/AKT signaling with or without rapamycin treatment was tested by the phosphorylation of AKT at Ser473 via Western blot with total AKT expression as reference. J, Western blot analysis shows that the suppression effect of rapamycin on the Akt pathway was concentration dependent, and the level of GSK-3b (Ser9) phosphorylation, which is an index of Akt activity, had a similar change. K, The activity of FGF-Erk signaling pathway was shown by the Erk (Ser44/42) phosphorylation with or without rapamycin treatment at different time points. L, Analyzing the influences of inhibition of Wnt, NODAL, and BMP4 signaling pathways on rapamycin-induced Brachyury expression in mTeSR1 and RPMI/B27 conditions (n=5; Kruskal-Wallis test followed by Dunn post hoc comparison). CHIR indicates CHIR99021; Ctr, control; Cyt, cytoplasm; DMSO, dimethyl sulfoxide; hESC, human embryonic stem cell; Nuc, nucleus; PCR, polymerase chain reaction; Rapa, rapamycin.
the addition of rapamycin further boosted their expression. Moreover, all primary downstream targets-including ID1, SMAD6, SMAD7, LEFTY1, and LEFTY2-were unregulated by rapamycin ( Figure S3C ). In addition, rapamycin markedly stimulated the phosphorylation of Smad2 and Smad1/5, which are transcriptional effectors of NODAL and BMP signaling, respectively. These observations are based on the CHIR treatment and were noted in both mTeSR1 and RPMI/ B27 conditions after 6 hours of treatment. Moreover, these promotion effects were dose dependent ( Figure 6H ). These results confirm our assumption that both NODAL and BMP signaling pathways are activated by rapamycin treatment.
Earlier findings indicate that the suppression of PI3K-Akt signaling pathway is a prerequisite for mesendoderm induction. 41 In our study, we found that rapamycin decreased Akt phosphorylation (Ser473) during hESC differentiation, and this effect was dependent on the rapamycin concentration. We also noted that the level of GSK-3b (Ser9) phosphorylation, which is an index of Akt activity, exhibited the same change ( Figure 6I and 6J). Although previous studies have demonstrated that rapamycin could suppress Akt activity mediated by mTORC2 in some cell types under sustained treatment, this important function has not been confirmed in hESC. On the other hand, in the present study, rapamycin did not stimulate FGF/Erk signaling pathway activity, which is another important cardiac differentiation-related signaling mode ( Figure 6K ). To further elucidate which signal primarily contributed to the prodifferentiation function of rapamycin, we assessed the expression-promoting effects of rapamycin and CHIR on Brachyury in the presence of correlated inhibitors, including XAV939, SB431542, and Noggin. We found that Wnt inhibitor XAV939 was able to totally block the increase of Brachyury in mTeSR1 condition, irrespective of whether rapamycin was included in the treatment. On the other hand, in the RPMI/ B27 condition, suppressing any 1 of Wnt, NODAL, and BMP4 pathways could partially eliminate the promoting functions of CHIR and rapamycin ( Figure 6L ). These results suggest that, in the predifferentiation stage (mTeSR1 culturing), rapamycin and CHIR effects can be primarily attributed to Wnt signaling. When the differentiation formally starts, these 3 signaling pathways contribute to the formation of mesoderm independently.
Discussion
We revealed that mTOR possesses a wide variety of effects on cardiogenesis from hPSCs ( Figure 7) . Specifically, mTOR functioned as a "master switch" of multiple differentiationpromoting signals, including Wnt, NODAL, and BMP4. Our findings also indicated that multiple stresses, including glucose starvation and increasing ROS levels, when introduced along the monolayer-based hPSC culture, resulted in a dramatic augmentation of p53 activity, eventually resulting in cell apoptosis. However, mTOR inhibition by rapamycin effectively mitigated all these stresses and reduced hPSC apoptosis, which enhanced the stability of cardiac differentiation. Because it takes advantage of the reasonable regulation of mTOR and Wnt signaling pathways, our cardiomyocyte differentiation strategy is the most efficient method among the existing protocols, and it also produces the highest yield. Moreover, our method provides some other potential benefits during application. First, in the initial stage from day À3 to day 1, the combined treatment of CHIR and rapamycin in our protocol was performed in 50% usage of the medium in previous work, 5 and in the later stage, a reduction of medium happened from day 1 to day 5. The addition of Journal of the American Heart Association rapamycin reduces medium consumption by about 50%, thereby generating significant savings in the cost of cardiomyocyte generation, which can be particularly important in a large-scale production. Second, we have noticed that the cardiac differentiation efficiency and stability of CHIR alone are low in our experimental system. These results are similar to a recent report that the outcomes of cardiac differentiation efficiency with CHIR-alone treatment are variable from lot to lot and even from experiment to experiment. 42 And we have also verified other protocols with CHIR-alone treatment: the efficiency of cardiac differentiation is still variable among experimental repeats with a range of 5.6% to 80% (data not shown). Additional rapamycin treatment in these conditions can always boost the efficiency to no more than 90% and improve the variability of CHIR efficacy (data not shown). However, the application of rapamycin in our optimized protocol overcame the variability in cardiac differentiation among different hESC lines and experimental repeats and gained a higher efficiency up to 87% to 99.06%. Third, our method reduces the number of times and operation complexity of culturing medium replacement, which is now much easier to manipulate compared with the existing protocols. Taken together, our findings confirm that the addition of rapamycin not only strengthens the function of CHIR, but also remedies its defects. Our data further suggest that rapamycin, an existing and clinically approved drug, would be widely applied in large-scale hPSC culture and hPSC-derived terminal cell production. These assertions are supported by those reported in a previous study, 43 where the authors reported that hESCs were unable to survive during large-scale suspension culture without rapamycin, which was posited to prevent the dissociation of hESC aggregates by avoiding the fibroblast differentiation.
We have also revealed detailed mechanisms along the monolayer-based differentiation path. The findings reported here suggest that, in the prime stage, endogenous NODAL expression first responded to the inducible factors (CHIR and rapamycin), which was followed by endogenous WNT3 and BMP4 expression, both of which exhibited modest change compared with NODAL. However, all these signaling pathways were indispensable for cardiac induction, and their inhibition could completely block this process. Given that the influence of mTOR on these pathways was immediate, we posited that mTOR physically stimulated SMAD and b-catenin, both of which were implicated in recent studies. [44] [45] [46] Nonetheless, the exact mechanism underpinning this process remains unclear, and further studies are required in order to elucidate how mTOR regulates Wnt signaling. Dramatic cell death is a common observation in hPSC monolayer-based differentiation. However, it is presently unknown whether it is necessary for normal differentiation because cell death could not be fully eliminated in previous studies. We have demonstrated that this cell death process is in fact p53-dependent apoptosis and is partially autophagy dependent. Moreover, its extent is controlled by mTOR activity. It is well known that mTOR is the most important regulator of autophagy. Our studies have also revealed that autophagy is activated during the initial stage of differentiation when rapamycin is added. And we found that knockdown of autophagy-associated genes ATG7 and Beclin1 in the presence of rapamycin further decreased apoptosis and increased the efficiency of cardiac differentiation. We speculate that, in the process of cell fate transition from stem cells to mesoderm lineages, autophagy can also play a role as a remodeling mechanism to erase excess organelles and to rebuild essential organelles such as mitochondria for cardiomyocyte survival. Thus, moderate autophagy is appropriate and essential for successful cell fate remodeling, but excess autophagy can result in apoptosis due to the dramatic loss of organelles. It is possible when considering the shortage of amino acids in our differentiation system that the fundamental autophagy level in this process can be high and rapamycininduced autophagy is incompatible with cell survival. So excess autophagy induces autophagic cell death by degrading essential components of cells and further blunts the differentiation, and our results suggest that appropriate intensity of autophagy is essential for cardiac differentiation. Our unpublished data showed that increasing extracellular glucose concentration or amplifying medium volume significantly increased ROS generation, which compromises their antiapoptosis effects. In addition, our unpublished data also suggest that TGF-b and CHIR could elevate the hESCs' apoptosis threshold through increasing the expression of antiapoptosis gene Mcl-1, which is consistent with a previous study. 47 We established that reducing the extent of hPSC apoptosis by p53 knockdown or rapamycin treatment significantly increased the efficiency of cardiac induction. Intuitively, this effect resulted from the higher density of robust hESCs that could secrete and accumulate much greater quantity of growth factors, such as WNT3, NODAL, and BMP4. However, further research is required in order to establish whether there is another underlying mechanism contributing to these phenomena. Finally, our results suggest that p53-dependent apoptosis constitutes a main barrier to differentiation, which may prevent suboptimal parental cells (such as the cells carrying persistent DNA damage) from surviving and transferring their defect to abnormal or cancer cells. However, rapamycin not only protects the cells from apoptosis but also improves the state of hESCs fundamentally, which is essential for highly efficient and robust differentiation. Our findings provide an important contribution to the current understanding of the exact functions of mTOR in the initial stages of cardiogenesis during embryo development. However, the precise manner in which the mTOR activity is regulated in hESC in vitro and in vivo remains to be established. Our findings imply that mTOR activity could be gradually suppressed by nutrients and hypoxia, all of which naturally emerge during cardiogenesis in a monolayer mode or immediately after embryo implantation. This explains why a certain proportion of cardiomyocytes are generated without rapamycin treatment and why this important relationship between mTOR and cardiogenesis had not been defined until now. More importantly, this result implies that nutrient availability and environmental conditions could regulate the fate of embryonic stem cells, which is consistent with the previously reported findings indicating that inhibition of mTOR by amino acid deprivation impaired blastocyst implantation and outgrowth in vivo. 48 It is, however, important to note that other regulatory mechanisms may be employed. One extant study demonstrated that BMP4 can stimulate the expression of miR-23a in hESC. 49 We also found presence of a predicted miR-23a banding site on raptor 3 0 -UTR, which may contribute to the downregulation of mTORC1 during cardiac induction. Combined with previous studies, our findings confirm that hESCs are highly sensitive to the status of mTOR. Hence, the precise regulatory mechanisms by which hESCs dominate the mTOR status should be the focus of future studies in this field. 
Legends for Videos S1 and S2:
H9-cTnT-eGFP and H7 cells were treated with 10 nmol/L rapamycin plus 12 μmol/L CHIR99021 for 4 days before exposure to 10 μmol/L XAV939 plus 10 μmol/L KY02111 for four days without medium replacement. Video S1: Day 15 cardiomyocytes induced from H9-cTnT-eGFP cells (10x). Video S2: Day 15 cardiomyocytes induced from H7 cells (20x).
